The genera Lagenophrys Stein, 1852, Paralagenophrys Clamp, 1987, Clistolagenophrys Clamp, 1991, and Operculigera Kane, 1969 make up the family Lagenophryidae and, together, contain more than 80 species worldwide that live mainly as ectosymbionts of crustaceans. Lagenophryids are characterized by possession of a lorica, but the lorica aperture and the associated parts of the body differ between genera. Despite their widespread distribution, relatively few papers have been published on lagenophryids in recent years, and the present paper is intended to promote research on lagenophryids by providing an annotated checklist of all known species and a brief review of the family, including data of their geographic distribution and their hosts.
Introduction
Peritrichs are a large subclass 1 (Zhan et al. 2009 ) of ciliated protists (~1000 known species) in which the usually sessile trophonts live as stationary suspension feeders. Most taxa of peritrichs are highly specialized for a variety of ecological niches in terms of both their morphology and morphogenesis. Within this diverse assemblage, the family Lagenophryidae stands out as having exceptional morphological, reproductive, and developmental adaptions for living as obligate ectosymbionts of crustaceans.
More than 80 species of lagenophryids have been discovered on a diverse array of crustacean hosts, including decapods (crayfish, crabs, shrimp), amphipods, isopods, copepods, ostracods and cladocerans (Clamp 2006) . Lagenophryids are relatively well-known, and many papers on their systematics, distribution, and biology have been published since their discovery by Stein (1852) . However, relatively few papers have been published on lagenophryids in recent years (Clamp 2006; Mayén-Estrada & Aguilar-Aguilar 2012) , and they represent an untapped potential in terms of their use as model organisms to investigate questions in the areas of phylogenetics, population genetics, morphogenesis, mechanisms of dispersal, and biogeography.
One factor that certainly prevents lagenophryids from receiving more attention is the rather demanding requirement that investigators must be equally familiar with the biology and habits of the crustacean hosts and their symbionts. The solution is either deliberate cross-training of graduate students or postdoctoral fellows to give them the ability to conceive and carry out research on symbiotic ciliates like lagenophryids or collaboration between researchers with complementary backgrounds and skills. The present paper is intended to promote research on lagenophryids by providing an annotated checklist of all known species and a brief review of the family to researchers with diverse backgrounds.
Methodology
Geographic distribution and known hosts of each lagenophryid species were compiled from all available records in the literature. In some cases, we were able to use specific locality names and references to obtain the latitude and longitude coordinates using Google Earth TM maps. We verified the taxonomic names of crustaceans using web resources of WoRMS, the Carnegie Museum of Natural History, and the Crustacean Society. Clamp, 1993; B, from Clamp, 1989 ; C, from Clamp, 1994; D-F, from Clamp, 1984 . Abbreviation: Dv, plane of division. All scale bars = 10µm. 
Genera of Lagenophryids
Five genera are currently recognized in the family Lagenophryidae. They are characterized by fundamental differences in the lorica aperture as well as other structural and developmental features (Table 1) . · Lagenophrys Stein, 1852 is the largest genus, with 62 known species. The lorica is usually hemispheroidal (Fig. 2-3 ) but is ovoid (Fig. 4 ) in a few species as an adaptation for attaching to setae of the host 1 . The lorica aperture is an invaginated tube (loricastome) closed by drawing the outer edges (lips) together (Fig. 2B-C) . Characteristics of the lorica aperture, especially the lips, are remarkably diverse among species of Lagenophrys (Fig. 4) . Details of the lorica aperture are species-specific and, usually, show relatively little intraspecific variation (Clamp 1990) ; however, the lips of the lorica aperture are highly variable in a few species (Clamp 1990 . Other than their distinctive lorica aperture, members of Lagenophrys are unique in undergoing a special sequence of asexual divisions (second-type division) to abandon the exoskeleton of the host. · Paralagenophrys Clamp, 1987 (Fig. 5 ) has a lorica aperture that is similar to that of Lagenophrys, but its body and lorica aperture are twisted obliquely clockwise. The result is a lorica aperture that is displaced nearly 90 o to the right and aligned almost parallel to the long axis of the body. The single species of Paralagenophrys is the only lagenophryid that is not restricted to a crustacean host. It also occurs on aquatic vascular plants and animals other than crustaceans (e.g., pulmonate snails) (Clamp 1987b ). · The genus Clistolagenophrys was created by for Lagenophrys primitiva, which occurs on one of the endemic species of amphipods in Lake Baikal, Russia , because closure of its lorica aperture appears to be effected by a markedly different mechanism than in Lagenophrys (Fig. 6 ). Clistolagenophrys primitiva retracts the entire loricastome within the lorica to close the aperture with its basal edges instead of pulling the lips together
1. Elongate species of Lagenophrys, in which the posterior part of the lorica produced to form a slender 'pseudostalk' for attachment to setae, were formerly placed in the genus Stylohedra. However, determined that this single feature was not sufficient to characterize a genus and, in addition, had almost certainly evolved more than once within the genus Lagenophrys as well as in two other lagenophryid genera. . maintained that the lorica aperture of C. primitiva was not fundamentally different from that of Lagenophrys; however, he offered no evidence to support this assertion. · The diagnosis of Setonophrys Jankowski (1986) was emended by to include all lagenophryid species that have a lorica aperture with a rigid anterior lip and a flexible posterior lip that is pulled completely inside the lorica to press it against the anterior lip and close the aperture (Fig. 5 ). · The lorica aperture of Operculigera Kane, 1969 is a simple opening in the lorica wall rather than an invaginated loricastome (Fig. 7) , and the aperture is closed by a flexible flap of lorica material (operculum) rather than a pair of lips . 
Cellular Anatomy and Taxonomic Characters
Lagenophryids have the same fundamental cellular anatomy as other peritrichs ( Fig. 1) , despite their flattened, distorted, discoid body. Owing to their superficially bilateral symmetry, a special anatomical terminology (Fig. 1B , C) has come into use for lagenophryids . Like all peritrichs, lagenophryids are organized around a peristome (expanded oral area for suspension feeding) and an aboral scopula (circular field of pores interspersed with stereocilia that usually secretes a stalk) (Clamp 1984) . The peristome consists of a central part, the epistomial disk, surrounded by a circular peristomial lip. In most peritrichs, the peristomial lip is a symmetrical, raised or flexible rim, enabling it to draw together on all sides like a sphincter to close over the retracted epistomial disk when the cell contracts. By contrast, the lagenophryid peristomial lip is asymmetrical, being physically bonded to the aperture of the lorica on one side to form a structural element for closure and, as a consequence, unable to contract in the typical way during extension or retraction of the epistomial disk (Fig. 1B) . Lagenophryids are able to extend only the epistomial disk out of the lorica aperture because of the association of the peristomial lip with the lorica aperture. In Lagenophrys, approximately the dorsal one-half of the peristomial lip grasps the lower, posterior part of the loricastome (Fig. 2C ). The segment of the circular myoneme (peristomial sphincter) in this portion of the peristomial lip is enlarged to form a prominent, thick band of myonemes (Fig. 1B ) that spans the entire posterior half of the loricastome and curls around its lateral creases. Couch ( , 1973 found its fine structure resembles that described for the peristomial sphincter of other peritrichs (Fauré-Fremiet et al. 1962; Bradbury 1965; Lom & Corliss I958) . Contraction of the band closes the lorica aperture, probably by drawing the posterior half of the loricastome forward and down to pull the lips of the aperture together .
The lorica aperture of Operculigera is radically different from that of other lagenophryid genera. The aperture is a simple opening, not an invaginated loricastome, and the closure is an oval flap that is attached to the anterior part of the lorica . The anterior half of this operculum is thickened ventrally in most species of Operculigera to create a ventral shelf with a rounded projection at each end . The anterior half of the peristomial lip appears to grip this shelf to provide the attachment necessary for drawing the operculum over the aperture to close it.
The aperture is enclosed partially or completely by a wall of thickened lorica material (vallum) in most species of Operculigera . The vallum can be quite tall in some species and sculptured into projecting spines or blades on parts of its edge. A few species of Operculigera have only the anterior half of the vallum fully developed, and some species of Lagenophrys have a semicircular thickening around the anterior half of the lorica aperture ( Fig. 2B ) that almost certainly represents a vestige of this structure . Furthermore, it appears that the anterior lip of the lorica aperture of Setonophrys, which is rigid and often bears spines on its edge, represents another homologue of the anterior half of the vallum .
The infraciliature of the oral complex shows the pattern typical of peritrichs (Couch 1973) . Variations in the three infundibular polykineties (Fig. 8) are species-specific characteristics in peritrich ciliates and are relatively well-documented in Lagenophrys, Paralagenophrys, and Operculigera. One or more rows of infundibular polykinety 1 (P1) are longer or shorter than the others at their adstomal ends in some species of Lagenophrys and Operculigera (Clamp, 1990a (Clamp, , 1994 , and the first row of P1 is slightly shorter than the others in the single species of Paralagenophrys (Clamp 1987b) . The rows of P2 are equal in length in all species of Lagenophrys, but the first row of P2 is significantly longer than the other two rows at its adstomal end in most species of Operculigera (O. carcini is the exception) and in P. singularis (Clamp 1987b) . The first row of P3 is extremely short in species of Operculigera and some species of Lagenophrys and is absent in many other species of Lagenophrys and in P. singularis (Clamp 1987a (Clamp , b, 1988 . Loss of a row from P3 (i.e., reduction from a trikinety to a dikinety) also has been observed in the family Vorticellidae (Sun et al. 2006) . The trochal band of kinetosomes is a simple dikinety in lagenophryid trophonts (Clamp 1987a) , which is typical for peritrichs. In trophonts of L. callinectes (Couch 1967 (Couch , 1973 and L. eupagurus (Clamp 1989) , the trochal band is broken on the right side, with the two ends of the break separated by a significant gap; however, telotrochs of both species have a normal trochal band. The trochal band surrounds a scopula that occupies a large part of the body's aboral surface in lagenophryids (Clamp 1984) . Couch ( , 1973 found no secreted bond between the scopula of L. callinectes and the surface of the host's exoskeleton.
Lagenophryids have one macronucleus and micronucleus (Fig. 2B ). All known species of Setonophrys have a distinctive, elongate, cyclindroid macronucleus that spans the width of the cell (Fig. 5B) . By contrast, the shape, size, and location of the macronucleus vary widely among species of Lagenophrys and Operculigera . The macronucleus can be cylindroid, ovoid, or spheroid. If cylindroid, it may be slightly or sharply curved, bent at one or more points along its length, or relatively straight. More compact, ovoid or spheroid macronuclei are located on the right side of the cell in some species and on the left in others (Clamp 1987a . The variety of macronuclear shapes among species of Lagenophrys is unusual compared to the relative uniformity that is typical of other genera of peritrichs (e.g., Setonophrys). Even large genera such as Vorticella or Zoothamnium have evolved only a few different macronuclear shapes and orientations (Warren 1986; Ji et al. 2006) . In general, macronuclear morphology is correlated with shape of the cell in ciliates, including peritrichs. One example would be vaginicolid peritrichs with elongate bodies and correspondingly long, cyclindroid macronuclei (Trueba 1978 (Trueba , 1980 . There is no apparent functional reason for the diversity of macronuclear shapes in species of Lagenophrys and Operculigera, given that all of them have essentially the same discoid cell body.
In lagenophryids, the plane of division extends diagonally across the body from a point just to the left of the lorica aperture to the center of the posterior margin of the cell (Fig. 1B) . Thus, the lateral distortion of the body causes the plane of division to be oriented generally parallel to the anteroposterior axis although it is actually homologous to the oral-aboral division plane of other peritrichs (Bütschli 1889; . Binary fission produces a right-hand daughter that remains associated with the lorica aperture to resume feeding after a short period of quiescence and a left-hand daughter that transforms into a telotroch, which must exit the lorica by squeezing through the loricastome via the small gap left by the unattached ventral edge of the other daughter's peristomial lip.
Lagenophryid telotrochs possess a number of specialized structures that are not seen in other peritrichs. The body of the telotroch is flattened like that of the trophont; consequently, its trochal band is entirely on the ventral surface of the body. Protargol preparations of lagenophryid trophonts do not reveal any evidence of the radial somatic myonemes that extend from the edge of the peristome to the scopula in other peritrichs, and this absence has been confirmed by transmission electron microscopy (Couch 1973) . By contrast, lagenophryid telotrochs possess partial somatic myonemes that are inserted onto the adoral edge of the trochal band and extend only halfway toward the dorsal apex of the body; thus, they are not attached to the edge of the peristome as in other peritrichs. In addition, there are 3-4 partial myonemes attached to the periphery of the scopula that also extend dorsally instead of being attached to the aboral edge of the trochal band. This unique arrangement of somatic myonemes appears to play a part in the attachment of the telotroch to the host's exoskeleton, with the scopular myonemes raising the aboral pole of the body to create suction and hold the telotroch in place while the radial myonemes flatten the body in preparation for secretion of the lorica (Clamp 1987a) . Finally, the telotroch's peristomial lip is distorted into the shape of the lips of the lorica aperture and, presumably, plays a part in shaping them during secretion of the lorica.
Ecology of Lagenophryids
Paralagenophrys singularis Kellicott is the only member of the Lagenophryidae that shows no preference for a particular host or substrate (Clamp 1989) . Other lagenophryids appear to be restricted to a single species, genus, or family of crustaceans (Clamp 1990b . Furthermore, many species are confined to one part of the host, such as its gills, locomotory appendages, maxillipeds, or antennae ( Fig. 2A) . Relatively few species occur on all parts of a host, and even these settle more thickly on some areas of the host's body than others (Shomay 1955; Jakschik 1967b; Clamp 1973) . Most authors who have concerned themselves with relationships of lagenophryid species to their hosts Mouchet-Bennati 1931 , 1932a , 1932b Shomay 1953b Shomay , 1955 Couch , 1967 Couch , 1991 Clamp 1972 Clamp , 1973 agree that lagenophryids have little or no effect upon their hosts even though they may be present in great numbers . , however, proposed that two species of Lagenophrys found on semiterrestial crustaceans are ectoparasites subsisting on the tissues of their hosts but offered no supporting evidence. Couch (I966) reported heavy populations of L. callinectes on gills of moribund Callinectes sapidus held in crowded, stagnant conditions. The forceful currents created by the host's respiratory and locomotory movements are probably the feature of crustaceans that is of critical benefit to lagenophryids. Fenchel (1965) and Clamp (1973) demonstrated that particles of food torn up by the mouthparts of a host animal are carried by such currents to lagenophryids on other areas of its body, and the ciliates also captured particles that are swept from the surrounding water into currents created by the host.
Ectosymbionts of crustaceans face a periodic loss of habitat caused by ecdysis of their hosts and have evolved various means of dealing with it. Members of Lagenophrys are unique among ciliates that are ectosymbiotic on crustaceans because they undergo a special type of binary fission just before their host's ecdysis. Called secondtype division by Willis (1942) , this process usually consists of two divisions of an adult without an intervening period of growth. The first division is identical to normal binary fission, but the second is grossly unequal (Willis 1942 ). The result is two telotrochs of normal size and a small, poorly developed third daughter (residual organism) that remains associated with the lorica aperture, never develops recognisable oral structures, contains only fragments of nuclear material, and dies soon after ecdysis. Willis (1942) also observed a form of second-type division in which only one unequal division took place.
Biogeography of Lagenophryids
The genus Lagenophrys has a truly cosmopolitan distribution, with species having been reported from every continent except Antarctica (Fig. 9) . In general, the distributions of individual species mirror those of the hosts. Species that are less specific in their choice of hosts, occurring on different members of a family or genus of crustaceans, have more extensive ranges, especially if they occur in marine or brackish-water habitats. Good examples are L. eupagurus Kellicott (occurs on palaemonid shrimp in Europe, Asia, and North America) (Clamp 1989 ) and L. cochinensis Santhakumari & Gopalan (occurs on wood-and rock-boring sphaeromatid isopods in Africa, Asia, New Zealand, North America, and South America) (Clamp 2006) . By contrast, the group of species found on amphipods by in Lake Baikal is a notable example of endemic species with restricted distributions.
The single species of Paralagenophrys has been reported only from scattered localities in the eastern U.S. (Clamp 1987b) (Fig. 9 ). Owing to its complete lack of substrate-specificity, P. singularis might be characterized as 'free-living'; therefore, the fact that it has not been found in Europe suggests that it might have a restricted geographic distribution. All known species of Setonophrys appear to be endemic to Australia (Fig. 10) , and Clistolagenophrys has been reported only from Lake Baikal . Species of Operculigera fall into three groups, each of which is endemic to a different part of the southern hemisphere (Australia, Chile, Madagascar) (Fig. 10) . This disjunct distribution suggests that Operculigera is an extremely old genus, originating before the initial breakup of Gondwana began ~184 Ma ago .
Taxonomic Identification of Lagenophryid Peritrichs
Clamp (1990a) gave a summary and evaluation of morphological features used as taxonomic characters in the genus Lagenophrys. For the most part, that information also applies to species in other genera of lagenophryids. As might be expected, accurate identification of lagenophryids to the species level is a 3-step process that begins with determination of the genus, followed by determination of the species, and ending with an evaluation of variation within the sample to confirm that the identification is consistent with information in the literature or not. The first step is relatively easy because each genus of lagenophryids is clearly unique in terms of the closure apparatus of the lorica aperture (Table 1) . Within each genus, however, species identification depends on a combination of structural details of the closure apparatus (e.g., sculpturing of the lips of the aperture), shape of the macronucleus, shape and proportions of the lorica, and pattern of ciliary rows in the infundibular polykineties ( Fig.  2-8 ). Rather than providing a traditional dichotomous key to species, we have chosen to summarize the geographic distributions and host preferences of lagenophryid species in the form of a matrix in Table 2 . Most species are associated with specific crustacean hosts that tend to have restricted geographic distributions; therefore, knowing the locality, type of habitat, and identity of the host allows the identity of lagenophryid symbionts to be narrowed to a small group of species. Using Table 2 in combination with the more detailed information about each species given in the following checklist will make this easier. This should make it possible to generate at least a tentative identification of any known species of lagenophryid after consulting original descriptions or revisionary papers. For the future, an identification key with links to literature sources, figures, and species descriptions is planned as an on-line, electronic resource that can be updated as needed and adapted to deal with difficulties posed by species complexes, cryptic species, and highly variable species as well as molecular characters or barcoding sequences as these become available. Matrix showing geographic distributions, general habitat, and hosts of all known species of lagenophryid peritrichs. Species of Lagenophrys are categorized into species that are restricted to freshwater versus those that are marine, estuarine, or euryhaline. Members of all other genera are known only from freshwater habitats. Ostracods, copepods, and cladocerans are grouped as "Other hosts." Lagenophryids occurring in Lake Baikal are presented separately from other Asian species because all but one species are probably endemic to the lake. 
Amphipoda

Annotated Checklist of Lagenophryid Species
The following checklist includes all known species in the family Lagenophryidae ( Table 2 ). The checklist is organized by genus, within which species are sorted in descending order by habitat, broad geographic occurrence, host, and restricted geographic occurrence. 50°20'30.71"N, 30°36'32.86"E); Nikolayevskaya Oblast (46°58'27.19"N, 31°59'40.12"E); Pokrovka (47°20'43.52"N, 31°31'34.43"E); Stugna River (50°24'48.63"N, 30°34'51. 37"E). Hosts. Ukraine: Amathillina cristata G. O. Sars, Chaetogammarus ischnus (Stebbing), Dikerogammarus haemobaphes (Eichwald) (cited as Dikerogammarus haemobapes), D. villosus (Sowinsky), Obesogammarus crassus (G. O. Sars) (cited as Pontogammarus crassus), Pontogammarus abbreviatus (Sars), P. maeoticus (Sowinsky), P. robustoides (Sars) (gills and oostegites). References. Boshko 1995 , 1996 ii. North America only L. 
